Several primitive colonial organisms distinguish self from nonself by means of polymorphic compatibility molecules bearing similarity to the major histocompatibility complex (MHC). The evolution of such polymorphisms is generally explained in terms of resistance to parasites. Ignoring parasites, I develop two mathematical models. One model is inspired by slime mold aggregation. The other is a caricature. The results show that parasites are not required to explain polymorphisms. The fact that allorecognition allows organisms to maintain their "genetic identity" (e.g., to preserve evolved adaptations) suffices for the evolution of polymorphisms. The degree of polymorphism that ultimately evolves is equal to the diversity of phenotypes in the population. In these models I consider "cells" growing in particular environments. The "genotype" of a cell codes for an "ecological preference," which determines the growth rate of the cell in the environment, and for a "compatibility molecule." Cells expressing the same compatibility molecule form one "colony." Thus, colonies may be chime& with respect to the ecological preferences. The reproduction rate of each cell in a colony is weighted by the colony's composition of ecological preferences. These conditions turn out to be sufficient for the evolution of polymorphic compatibility molecules.
Introduction
Transplantation reactions in vertebrate immune systems are based on highly polymorphic major histocompatibility complex (MHC) molecules.
The variability of some of the loci comprising the mouse or human MHC is on the order of 100 alleles (Klein 1986 (Klein , 1990 . It seems likely that all vertebrate species have MHC genes and are able to respond strongly to MHCdisparate (i.e., allogenic) tissue transplants ( Klein 1986 ( Klein , 1990 . The biological function of MHC molecules in vertebrate immune systems is to present antigens in the form of short peptides to T-lymphocytes (Davis and Bjorkman 1988) . It is not obvious why MHC molecules need to be polymorphic.
The rejection of allogenic grafts cannot be an explanation because graft rejection is an experimental artifact and not a natural phenomenon involved in evolutionary selection pressures., A simple benefit of extensive allelic MHC polymorphism is that each individual is expected to inherit different alleles from both parents. This doubles the diversity of MHC molecules on antigen-presenting cells and would enable the host to present peptides from a larger variety of pathogens (Hughes and Nei 1988) . This explanation is insufficient, however, because doubling the MHC diversity can also be achieved by doubling the number of MHC loci. (Also note that increasing the number of MHC molecules can be detrimental for the immune system; Nowak et al. 1992; De Boer and Perelson 1993) . Thus, one has to invoke coevolutionary arguments involving mutating pathogens that are most likely to adapt to the most common MHC alleles in the population (Hart1 et al. 1975; Bremermann 1980; Hamilton et al. 1990; Lawlor et al. 1990; De Boer 1991) .
The situation is markedly different in primitive colonial organisms in which allorecognition is important for colony fusion. Allorecognition may thus be essential for survival and subjected to selection. Indeed, several colonial invertebrates are capable of allorecognition (Burnet 197 1) . Examples include slime molds (i.e., Dictyostelium; Buss 1982) ) several species of fungi (Todd and Rayner 1980) , Hydra (Buss et al. 1985) , and tunicates (i.e., Botrylus; Scofield et al. 1982) . All protists and animals known to fuse possess a compatibility system (Buss 1982 (Buss , 1987 Grosberg 1988) . For some species it has been shown that this compatibility system controlling allorecognition is composed of highly polymorphic loci (Scofield et al. 1982; Grosberg and Quinn 1986; Weisman et al. 1990 ). Fungi and plants also have compatibility systems controlling heterokaryon forma-tion in fungi and self-fertilization in plants. Thus, the polymorphic MHC of vertebrates is reminiscent of a preimmune compatibility system that seems to play a role in colony fusion.
The potential costs and benefits for chimeric colonies (i.e., colonies composed of genetically different cells) have been discussed extensively by Buss ( 1982 Buss ( , 1987 and Bonner ( 1988) . The cost that is most widely considered is that of parasites exploiting the colony. These parasites can be either true, coevolving, foreign pathogens (Hamilton et al. 1990) or of somatic origin (Buss 1982 (Buss , 1987 . Somatic cell parasites are variants arising by mutation within a colony. Allorecognition is supposed to avoid exploitation by parasites because parasites are expected to adapt to (or originate from) the most common compatibility molecule in the population. Thus, the argument is very similar to that explaining polymorphisms in MHC for antigen presentation in vertebrates.
Coevolving parasites play an important role in evolution. Parasites are implicated in the evolution of sex because the genetic heterogeneity due to sexual reproduction allows for resistance to coevolving parasites (Hart1 et al. 1975; Bremermann 1980; Hamilton et al. 1990; Howard and Lively 1994) . In artificial worlds like Tierra, primitive sexual processes emerge spontaneously whenever parasites appear ( Ray 199 1) . With respect to the problem of MHC polymorphisms, the main question is how diverse the compatibility system should be for sufficient resistance against parasitic variants. It has been argued that the protection against parasitic genes can only account for limited diversity of the compatibility system (Nauta and Hoekstra 1994) .
I study here whether the avoidance of chimeras on the basis of polymorphic compatibility molecules could have a more general explanation than "defense against parasites." In my model I do not allow for any of the above mechanisms for the evolution for polymorphism; that is, there is no overdominance, no mating incompatibility, and no parasites. Instead, I allow for environmental variation which maintains variation in physiological state (e.g., ecological preference). ! will show that each physiological phenotype in the model population evolves a unique compatibility allele. Thus, for populations with many different phenotypes, this mechanism accounts for highly polymorphic compatibility loci. The evolution of polymorphisms in this model depends on a balance between the growth of a population in preferred and nonpreferred conditions. Thus, I formally demonstrate that for populations growing under various environmental conditions, the preservation of a "genetic identity" is a sufficient selection pressure for the evolution of polymorphic compatibility molecules. This result confirms previous speculations that were based on experimental observations with fungi (Todd and Rayner 1980) . My results are also related to the ideas expressed by Varela and Countinho ( 1991) and Tauber ( 1994) , who argue that a crucial function of the immune system is to define the "self. conditions. Whether strains should in general avoid forming chimeric colonies seems inconclusive on the basis of these verbal arguments. My formal models aim to clarify this issue.
Previous authors have considered related problems. For instance, Buss ( 1982) and Bonner ( 1988) argue that cells having gained some advantage by mutation will try to avoid aggregation because other genotypes could "sap their reproductive success." This argument implies that a cell "knows" when it has gained some advantage over its competitors; otherwise, it would be better to allow for aggregation. We make no such distinction between good and bad genotypes: averaged over all environments, all genotypes perform equally well.
Models
I will consider populations (i.e., strains) with different ecological preferences, and possibly different compatibility molecules, growing colonially in different ecological environments.
In each environment the strains compete with one another. The strain with the highest growth rate (i.e., the strain for which the preference perfectly matches the environment) is expected (3) to outcompete all other strains in the environment. In each environment, colonies are formed by the aggreHere the equilibrium population size of a strain scales gation of all strains expressing identical compatibility linearly with its growth rate. Thus, the strains with the molecules. highest growth rate, f( e, p) = 1, are expected to out-
The growth of each strain depends on its match compete the others. Finally, note that the populations between preference and environment and on the total are scaled by setting the maximum population density reproduction of the colony it is a member of. The re-(i.e. the carrying capacity) to one. production of the colony depends on its composition. Caricature Model A colony that is entirely composed of strains with a perfect match between their ecological preference and the environment reproduces at a maximum rate. Conversely, colonies that are "contaminated" with nonmatching strains have a lower total reproduction. This equally affects all strains in the colony.
In these models I maintain a diversity of ecological preferences by having several environments and several preferences. Strains migrate between the environments, thus allowing for an inflow of maladapted strains in all environments.
Definitions
Let the strain x,,, be defined as a nondimensional density of a genotype expressing the ecological preference p and the compatibility allele a. Further, let xf;a denote the density of the strain xPa in environment e. Let there be n, = n,, environments and preferences, and n, compatibility alleles. I define the match f( e, p) between preference and environment to be linearly dependent on the difference between e and p, that is, Developing a caricature model, I specify that the growth of strains in favorable conditions is hampered by the presence of other strains, whereas that of strains in poor conditions is enhanced by the presence of strains finding these conditions favorable.
For simplicity, consider two preferences, two environments, and two compatibility molecules; that is, let e, p, a E { 0, 1 } . This defines eight populations 20, $1, * * * , x:, . For brevity, I will use a tilde (*) to denote the binary complement (i.e., i = 0 and 6 = 1). Because there are only two environments, the matching function f( ) can only take two values: f( 0, 0) = f( 1, 1) = 1 andf(0, 1) =f( 1,0) = 1 -a. The total density in environment e is given by equation ( 3) :
For strains growing in preferred conditions, I propose
Pa)
fore=p, and p, aE (0, 11, where I make periodic boundary conditions. Compatibility molecules only match when they are transcribed from the same allele a.
Logistic Growth
The strains grow logistically (i.e., are inhibited by the total population in the environment). Scaling the maximum per capita growth to one, I let the growth rate be determined by the match functionf( e, p). Thus, the strains grow according to
where the term --pxia specifies the reduction of the growth of strain x;, due to the presence of the strain with the same compatibility allele a and the "wrong" preference fi. The last term describes the migration of strain Xpa between the two environments as a standard diffusion process. The term E represents mutation.
For strains growing in nonpreferred conditions, I propose where T, is the total population in environment e; where the term +pX$a specifies the enhancement of the that is, growth of strain xg due to the presence of the strain with the same compatibility allele a and the "right" preference fi.
Thus, there are eight ODES and four parameters a, p, E, and D. The mutation term is always small, (i.e., E G 0.001) and plays a negligible role. I choose as typical values a = 0.2 (i.e., a reduction in the maximum growth rate of 20%) and D = 0.1 (i.e., a migration of 10%).
Both parameters are varied throughout the analysis. I study the effect of p (i.e., the mutual influence of strains with different ecological preferences).
Results
The caricature model is based on two symmetries. First, summed over both environments, the two strains have the same total growth rate. Second, strains expressing different compatibility alleles but having the same preference have identical growth rates. Thus, the system will always have a symmetric equilibrium in which strains with different compatibility alleles have the same density. Since this should be the same in both environments, this equilibrium corresponds to equal densities for the matching strains X& = ~8, = X]~ = xt I and equal densities for the nonmatching strains x$ = x?, = X&) = X&. If this equilibrium is stable, evolution is attracted to a situation in which chimeric colonies are not avoided. Due to these equalities, the model can be reduced to two equations in symmetric equilibria. There is one ODE for a matching strain, say X, 
dt (W + D(x -y).
I numerically confirmed the equilibrium values of this reduced model. The reduced model has only one equilibrium, and it is a stable node.
The full eight-dimensional model is studied by numerical bifurcation analysis. I continue the symmetric state, changing p as a bifurcation parameter (see fig. 1 ). At a critical value of p = PC, the symmetric state is involved in a pitchfork bifurcation.
When p < PC, the system has two stable asymmetric states; otherwise, the symmetric state is stable. In the asymmetric states, there is either x& = xt, > x& = xyl with xgi = x!o x X& = x70 = 0 or the complementary counterpart of this:
1 -xg, = xf() > x01 -xyo with x&, = x!, m x& = x:,
I numerically confirmed the equilibrium values of this reduced model. The reduced model has only one equilibrium, and it is a stable node. Because in asymmetric states half of the strains are virtually zero, the equilibrium densities of the other strains are roughly twice as large as those of the symmetric state (see fig. 1 ).
In figure 2 I demonstrate the robustness of the results by a parameter sensitivity analysis. For D = 0.01, 0.1, 1 I compose a two-dimensional diagram having a and p as bifurcation parameters. Thus, figure 2 depicts the location of the pitchfork bifurcation in parameter space. First, observe that the bifurcation is not restricted to a small parameter domain. Second, see that PC almost = 0. Due to these equalities, the model can also be relinearly depends on a and hardly depends on D. (7) for D = 0.1.
An intuitive interpretation
of the pitchfork bifurnumerically confirm these intuitive results by the black cation is that at the critical point PC, the growth in nonsquares in figure 2. These are numerical solutions of preferred conditions exceeds that in preferred conditions. equations ( 7) and ( 8c) for various values of a. Given If most of the growth is in nonpreferred conditions, it the approximation for x and y around the critical point, is favorable to allow for chimeric colonies. The maxithese solutions correspond well with the two-dimensional mum growth rate in nonpreferred condition is bifurcation results.
--a+_& (8a)
where x is the density of a matching strain. mum growth rate in preferred condition is
The maxi- where x and y are the densities of a strain in preferred and nonpreferred conditions, respectively. Since each strain grows in both conditions, x + y represents the density of each genotype. In figure 1 we saw that below the critical point the equilibrium strain density is of order 1. Thus, this predicts that PC = a. Additional, because below the critical point the equilibrium population values hardly depend on p, we may solve equation ( 7) to find approximate values for x + y in equation (8~). We Summarizing, I conclude that generally polymorphic compatibility molecules are favorable. When p < PC (i.e., when the mutual influence is sufficiently small), there are two asymmetric stable steady states in which each ecological preference is characterized by a unique compatibility allele. The system thus converges to equation (7) in which the strains hardly influence each other. If p > PC, the only equilibrium that an evolutionary process can attain is one in which there is no association between the ecological preference and a compatibility allele. The system converges to equation (6) in which strains do influence each other by forming chimeric colonies. The reason for this is that when a is small or p is large, the strains expand most in the nonpreferred conditions.
Then it is beneficial to form chimerit colonies. Thus, when the mutual influence p is sufficiently small, we expect evolution to attain an attractor where populations are polymorphic such that colony fusion is prevented.
Aggregation Model
Slime molds like Dictyostelium discoideum are widely studied because of their primitive mechanism for complex pattern formation.
These slime molds have a cellular growth phase and a colonial reproduction phase. The classical data on the D. mucoroides (Buss 1982) reveal that these protists have polymorphic compatibility molecules and that they refrain from colonial fusion with incompatible strains. Thus, they are capable of self/nonself discrimination based on an MHC-like system. My "aggregation" model is inspired by slime molds with a cellular growth phase and colonial reproduction. My aim is not to develop a model of slime mold aggregation but to illustrate that the results on polymorphism also hold for an example system that is somewhat closer to biological reality. Additionally, I demonstrate that these models can account for a high degree of polymorphism.
The critical feature of the aggregation model is that it explicitly accounts for the formation of colonies. First, the total reproductive output of a colony depends on its phenotypic composition. Thus, colonies composed of well-adapted strains have a larger reproductive output than those contaminated with poorly adapated strains. Second, the model assumes that the members of a colony equally share the total reproductive output. Thus, poorly adapted strains profit from the reproduction of the betteradapted strains in their colony.
For the cellular growth phase, I employ equation (2) to implement the logistic competition for some resource. Thus, I numerically solve equation (2) from t = 0 until t = L, where L is defined as the length of the growth phase. In each environment, the strains with the maximal growth rate f( e, p) = 1 (and, hence, maximal carrying capacity) are expected to outcompete the others. The degree to which the others are outcompeted depends on the length of the growth phase L. Thus, the fraction of nonmatching strains in each environment can be increased by decreasing L.
At the end of the growth phase, colonies are formed in each environment.
Hence, all strains form colonies at t = L. I simply aggregate all strains expressing the same compatibility molecules in each environment. Thus, the strains form colonies composed of one compatibility molecule and possibly of many ecological preferences.
I propose that the total number of germs produced per colony is proportional to the weighted sum of all its members. The total number of germs produced by a colony with compatibility allele a in environment e is where it is assumed that genotypes produce germs proportional to their matchf( e, p) between preference and environment.
The allocation of these germs to the individual members of the colony is proportional to their densities and does not depend on their preferences. I thus assume that the total number of germs depends on the "support" each member gives to the colony. Whether or not, or how much, an individual member reproduces might be due to a chance process that is only influenced by the fraction of that member in the colony. Thus, for each member of the colony, the number of germs is
C'b)
where the latter term is simply the fraction of member x& in its colony.
In the caricature model of equation (5 ), a term p represents the mutual influence of the strains. In equations (9a) and (9b), the production of germs depends on the match function f( e, a). Thus, the reproductive output of a particular strain is increased by the other strains with a better match and decreased by strains with a worse match.
The colonial reproduction (i.e., eq.
[ 9b]), provides the initial condition for the next growth phase. I allow for migration between the environments by assuming that the germs g& produced per environment are distributed evenly over all environments.
Thus, the initial condition for the cellular growth phase is
On top of these deterministic processes, the model allows for stochastic mutation. I assume that the production of germs g& is subjected to mutation. The probability of a mutational event is proportional to the number of germs produced (i.e., to gpa) . When a mutation occurs, a few germs (i.e., E) obtain another genotype by randomly selecting another value of either p or a. Thus, at the reproduction stage, for each genotype that reproduces, a random number 0 < R < 1 is drawn from a uniform distribution, that is,
then g$ = gz% + E and g& = g& -6,
where g& is defined by equation (9b), P,,, determines the probability of mutation, and g,-, denotes a mutant having r --a random value for either p or a.
Results
I study the aggregation model (eqq.
[ 2, 9-111) for an initial condition with all strains expressing the same
Discussion
Supposing that there are compatibility molecules which enable multicellular colonies to prevent fusion with other colonies, the results here demonstrate that for any genotype competing with other genotypes under various environmental conditions, it may be advantageous to express a marker uniquely identifying itself. My interpretation of these results is that unique compatibility molecules allow genotypes to prevent contamination with maladapted genotypes (i.e., allow genotypes to preserve their "genetic identity").
I show that this is favorable whenever the total reproduction in good conditions, in which fusion reduces fitness, is larger than the total reproduction in worse conditions, in which fusion tends to enhance fitness. It is obvious that the mechanism proposed here is very general and is not restricted to the slime molds and colonial tunicates to which the models are most related.
Although I have excluded explicit parasites from the models, one could argue that the different strains are parasites of one another.
A nonmatching strain growing in a colony that is largely composed of matching strains is some sort of parasite sapping the colony's reproductive success. However, the same strain (i.e., genotype) growing in preferred conditions is a host whose reproductive success is decreased by the same sort of parasites. Thus, my results can also be interpreted in terms of the protection against parasites (Hart1 et al. 1975; Bremermann 1980; Buss 1982 Buss , 1987 Hamilton et al. 1990; Howard and Lively 1994) . My novel contribution is that the model can account for a high degree of polymorphism because there are many different parasites when there are many different ecological genotypes. In other words, I show that polymorphism at the level of adaptations to environmental circumstances can account for a similar degree of polymorphism at the level of adhesion molecules.
The control of cell or colony fusion is related to the problem of sexual reproduction.
Sex is the mixing and random segregation of two genetic identities. In ciliates (Grell 1973 ) , basidiomycetes ( Day 1978 ) , and angiosperms (De Nettancourt 1977 ) , sex is controlled by a system of incompatibility types. In addition to this compatibility system, these organisms may have binary (i.e., male/female) mating systems (Hurst and Hamilton 1992) . The slime mold Physarum polycephalum will only mate when there is incompatibility at three polymorphic loci (Kawano et al. 1987) . A more recent example are mice that apparently chose mates on the basis of MHC haplotypes (Potts et al. 199 1) . It is tentative to speculate that the control of sex and the control of fusion, which we have studied here, are based on the same mechanism.
My results suggest that genetic fusion De Boer 501 (i.e., sex) is generally advantageous when environmental conditions are poor. In such circumstances, organisms could employ polymorphic compatibility molecules to avoid inbreeding.
The compatibility molecules that we have considered are related to cell adhesion molecules (CAMS). In embryonic development, CAMS play a crucial role because a small number of CAMS, with different binding specificities, allows cells to coordinate movement into differentiated tissues (Edelman 1987 (Edelman , 1989 . The neural adhesion molecule (N-CAM) that has been sequenced is a member of the immunoglobulin superfamily (Cunningham et al. 1987) . This is a family of transmembrane molecules including immunoglobulin, the T-cell antigen receptor, MHC, CD3, CD4, CD8, and several other molecules comprising the vertebrate immune system (Williams and Barclay 1988) . The primordial function of members of this superfamily seems to be homophilic interactions controlling the behavior of cells in a multicellular organism ( Williams and Barclay 1988 ) . There is weak evidence that N-CAM is related to slime mold adhesion molecules (Matsunaga and Mori 1987) ) but well-defined CAMS have so far only been isolated in vertebrates ( Edelman 1987 ) .
Because CAMS are a member of the immunoglobulin superfamily and because vertebrate MHC molecules are generally polymorphic, it seems likely that the vertebrate immune system originally evolved from a somatic compatibility system. Thus, the results here would imply that the immune system evolved from a system of self/non-self discrimination, the function of which was the protection of any individual's genetic identity. The role the immune system plays in the defense against parasites could thus be acquired much later in evolution.
